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ABSTRACT:  To  Investigate  the  possibility  of  using  as  heat-resistant 
materials  alloys  consisting  of  ZrC  bound  by  Mo,  the  quasi-binary  section 
ZrC-Mo  of  the  system  Zr-C-Mo  was  studied.  The  constitutional  diagram  of 
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of  the  temps,  of  the  beginning  of  melting.  .  The  diagram  was  of  the  eutectic 
type,  with  the  eutectic  horizontal  at  2520°K.  The  compn.  of  the  eutectic 
was  approx.  Zro.i89M°o*8llC0*l89  ^y  wt.  Mo).  The  soly.  of  Mo  in  ZrC 

increased  with  increasing  temps.,  1.2,  3.1*  and  9.9  at.  %  at  2273,  2373* 
and  2520°K,  resp.,  while  the  soly.  of  ZrC  in  Mo  was  insignificant.  By 
analogy  with  the  systems  ZrC-Mo,  TiC-Mo,  TiC-W,  and  ZrC-W,  the  system 
HfC-W  may  also  be  expected  to  have  a  consitutional  diagram  of  the  eutectic 
type.  The  eutectic  point  of  HfC-W  was  estd.  at  3200°K,  which  is  the 
highest  for  any  known  carbide -metal  system. 
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PHASE  DIAGRAM  CF  THE  ZrC-Mo  SYSTEM 


S.  S.  Ordar^yan,  A.  I.  Avgustinik,  and  V.  S.  Vigdergauz 


The  development  of  heat-resistant  materials  of  the  cermet  type 
using  carbides  of  the  transition  metals  as  the  refractory  base  is 
contingent  on  the  study  of  the  interaction  of  the  base  with  the 
binder-metal,  which  must  also  be  a  refractory.  The  interaction  of 
TiC  with  metals  of  the  iron  group  and  the  more  refractory  metals  Cr, 
Mo,  W,  V  and  Ta  has  been  studied  most  thoroughly  [1,  5].  The  other 
carbides  of  group  IV  metals,  ZrC  and  HfC,  have  been  studied  less 
thoroughly  in  this  respect  [6—10]. 

In  this  report  we  give  the  results  of  a  study  of  the  interaction 

« 

of  ZrC  with  molybdenum.  The  boundary  systems  in  the  ternary  Zr-C-Mo 
system  have  been  studied  very  well.  An  intermediate  phase  ZrMo2  that 

melts  with  decomposition  at  2153°  has  been  established  in  the  Zr-Mo 
system  [11]. 

The  solubility  of  Mo  in  8-Zr  attains  20  at.  %  at  1773°K. 

Zirconium  dissolves  into  Mo  in  the  solid  state  within  the  limits  Of 
3—5  at.  %.  Between  the  solid  solution  of  Mo  in  0— Zr  and  ZrMo~  there 
is  a  eutectic  at  30  at.  %  Mo  and  1790°K. 

The  Mo— C  system  has  been  investigated  many  times  [12,  13],  but 
until  recently  there  was  no  single  opinion  about  the  composition  and 
structure  of  molybdenum  carbides  that  exist  at  high  temperatures. 

Work  [12]  deciphered  a  complex  structure  of  high-temperature 
molybdenum  carbide  and  proDOsed  the  existence  of  two  forms:  hexagonal 
ii  0  o 

(of  the  D6h  type,  aQ  =  3.01  A,  cQ  -  14.61  A)  and  face-centered  cubic 
(a0  =  4 . 28  A). 


£ 

The  results  of  this  work  were  reported  in  April  1963  at  Kiev  at 
the  All-Union  Seminar  on  the  methods  of  producing  refractory 
compounds,  their  electron  structure  and  properties. 
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It  was  recently  shown  [1*0  that  the  cubic  structure  is  a  high- 
temperature  modification  of  the  hexagonal  structure  and  its 
composition  lies  within  the  region  from  40.0  to  40.8  at.  }  C, 

For  the  Zr-C  system  the  discrepancies  are  basically  reduced  to 
a  statement  of  a  different  width  of  the  homogeneity  region  of  the 
ZrCx-phase,  and  a  different  type  of  phase  diagram,  peritectic  [15] 

and  eutectic  [16],  which  was  the  reason  for  an  investigation  of  the 
phase  diagram  of  Zr-ZrC  [17],  the  results  of  which  are  used  in  this 
work. 


The  ZrC-MoC  [18]  and  ZrC-Mo-C  [19]  sections  in  the  ternary  system 
were  studied  previously. 

These  investigations  did  not  clarify  the  flow  of  the  processes 
of  dissolution  of  the  interacting  phases;  the  solubility  boundaries 
of  the  carbides  were  approximately  determined  as  1873  and  2373°K. 

Only  in  work  [20],  in  a  detailed  study  of  the  structures  of 
alloys  of  the  Zr— C-Mo  system  at  1773  and  2373°K,  were  the  causes  of 
previous  failures  discovered;  according  to  works  [14,  20],  the  high- 
temperature  cubic  carbide  Mo^C-j,  which  was  not  fixed  in  works  [  1 8  > 

19],  forms  and  with  ZrC  it  gives ‘a  wide  horn-shaped  region  of  solid 
solutions.  In  particular,  the  data  of  work  [20]  confirm  the  quasi¬ 
binary  nature  of  the  ZrC-Mo  section  and  the  solubility  of  Mo  In  ZrC 
that  we  determined  at  2373°K. 

By  the  methods  of  chemical,  x-ray  and  metallographic  analyses  for 
determining  the  temperature  of  the  start  of  melting  we  Investigated 
the  ZrC-Mo  section  to  clarify  the  possibilities  of  using  alloys  based 
on  ZrC  bound  by  Mo  as  refractory;  materials. 

The  Initial  material  was  ZrC  containing  about  0.2%  N,  11.3  wt.  % 
bonded  and  0.5%  free  C  (the  free  C  was  necessary  to  overcome  the 
decrease  in  the  amount  of  bonded  C  due  to  its  partial  depletion  during 
sintering),  and  Mo  with  more  than  99.6#  of  the  basic  element  and  W, 

Ta,  Fe  and  other  impurities. 

For  the  charges  we  selected  factions  of  powders  <60  y ;  after 
carefully  mixing  and  plasticizing  these  powders  with  a  solution  of 
polyvinyl  alcohol  we  extruded  rods  2  mm  in  diameter  and  40  mm  long; 
after  sintering  these  rods  in  a  TW-4  furnace  at  2273°K  and  2  hours 
of  aging  we  used  them  to  determine  the  melting  temperatures.  To 

2 

determine  the  limit  of  Mo  solubility  in  ZrC  we  pressed  (at  4  T/cm  ) 

10  x  io  mm  cylinders  that  had  been  subjected  to  multiple  sintering  at 
2270-2370°K  with  the  necessary  intermediate  grinding  after  1-2  hours 
of  aging  to  a  particle  size  of  <60  p,  which  guaranteed  the  attainment 
of  equilibrium  after  4-6  hours  at  these  temperatures.  The  alloy  was 
considered  to  be  at  equilibrium  if  further  aging  did  not  lead  to  a 
change  in  the  grid  constant  of  the  solid  solution,  which  was 
determined  after  each  annealing.  The  dead-burned  samples  were  again 
ground;  part  of  the  powder  went  for  x-ray  analysis  and  the  remainder 
was  analyzed  for  C^  t  Zr  and  Mo  (randomly). 
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The  table  gives  the  investigated  alloys  and  the  results  of  the 
chemical  analysis,  and  the  number  of  phases  revealed  in  the  alloy  by 
x-ray  and  metallographic  analyses. 


Pig.  1.  Stand  for  determining  the  melting  tempera¬ 
tures  and  for  thermal  treatment.  1)  Sample;  2) 
contact  plate  (graphite>  molybdenum);  3)  water- 
cooled  conductor;  4)  sylphon  of  the  vacuum  lock;  5) 
diffusion  pump:  6)  observation  window;  7)  water- 
cooled  cover;  8)  water-cooled  stand. 

medium  (He,  A)  and  a  vacuum  of  10“ ^  mm  «g. 


The 

melting  temper¬ 
ature  was 
determined  by 
the  Pirani- 
Alterthum 
method  [21]  in 
holes  that 
imitated  an 
absolute  black- 
body  and  that 
were  prepared 
with  the  aid 
of  a  spark 
glass  in  the 
above  mentioned 
rods;  heating 
was  accom¬ 
plished  by 
direct  passage 
of  a  current  in 
the  stand  shown 
on  Fig.  1. 
Samples  can  be 
heated  in  both 
an  inert-gas 


Most  of  the  experiments  in  this  work  were  conducted  in  a  medium 
of  pure  argon.  The  temperature  was  measured  with  the  aid  of  a 
OMP-O . 9 A  optical  micropyrometer  with  a  correction  for  light  absorption 
in  the  observation  window,  which  was  experimentally  determined  within 
the  limits  of  1500-3500°K. 


The  beginning  of  melting  was  reliably  fixed  by  this  method  fpr 
alloys  in  the  two-phase  region  close  to  the  eutectic  (and  also  the 
pure  components),  i.e.,  when  the  quantity  of  liquid  necessary  for 
visual  fixation  appeared  in  the  hole,  which  changed  the  emission 
conditions.  In  the  two-phase  region  that  was  enriched  with  the  solid 
phase  and  in  the  regions  of  the  solid  solutions  the  observed  temper¬ 
atures  for  the  start  of  melting  were  regularly  higher  than  the  actual 
temperatures,  i.e.,  the  alloys  were  "overheated”  and  we  recorded  t^he 
temperature  in  the  liquid  +(Zr,  Mo)C  region  with  a  phase  ratio  of 

i 

—  =  1 .  The  amount  of  overheating  is  determined  by  the  form  of  the 

s 

solidus  curve  and  by  the  value  of  the  surface  energy  of  the  phases  of 
the  investigated  system.  When  there  is  insignificant  overheating  the 
formed  liquid  maintains  the  framework  of  the  solid-phase  grains,  and 
insignificantly  changing  emission  conditions  are  usually  very  hard 
to  record  if  a  special  photomultiplier  is  not  used  for  this  [22].  To 
correct  the  recorded  temperatures  for  the  start  of  melting  in  alloys 
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that  lack  the  liquid,  we  used  indirect  methods,  metallographic  and 
x-ray  analyses  (we  determined  the  composition  of  the  solid  phase 
from  the  lattice  and  its  known  cependence  upon  the  composition 
of  a  solid  solution).  One  of  the  methods  of  determining  a  temperature 
of  the  start  of  melting  is  prolonged  holding  at  the  solidus 
temperature  until  a  "neck"  forms  around  the  opening  due  to  shrinkage 
phenomena. 

The  beginning  of  melting  was  measured  on  4-6  samples  for  each 
composition;  the  samples  were  kept  at  a  temperature  80—100°  below  the 
specified  for  15-20  min.  After  either  thermal  treatment  the  samples 
were  quenched  by  switching  off  the  electrical  current  and  cooling  in 
a  flow  of  argon  due  to  emission. 

Besides  the  thermal  treatment  shown  in  the  table,  we  conducted 
prolonged  annealing  at  2520°  (2  hours)  and  2373°K  (3  hours).  Alleys 
containing  1-20  wt.  ?  Mo  that  were  preliminarily  annealed  at  2520°K 
were  subjected  to  additional  annealing  at  2373°K  to  establish  the 
limit  of  Mo  solubility  in  ZrC. 

A  change  in  the  temperatures  of  the  start  of  melting  (see  the 
table)  as  the  Mo  concentration  in  alloys  increases  is  characteristic 
for  a  system  with  a  eutectic  transformation;  the  eutectic  horizontal 
is  located  at  2520°K  +  15.  Metallographic  and  x-ray  analyses  of  the 
alloys  also  indicate  the  eutectic  type  of  the  ZrC-Mo  phase  diagram. 
Metallographic  analysis  established  that  the  alloy  ZrQ  ^q^MOq  q11 

Cq  -j^gg  (80  wt.  %  Mo)  is  close  to  the  eutectic  composition.  The 

structures  of  hypoeutectic  and  hypereutectic  melts  are  given  on  Pig.  2. 
According  to  the  data  of  the  x-ray  and  metallographic  analyses  the  Mo 
solubility  at  the  eutectic  temperature  attains  10  at.  %  (15-16  wt.  Z). 
After  annealing  for  2  hours  at  2520°K  alloys  Nos.  1-4  are  single 
phase,  and  an  insignificant  amount  of  excess  Mo  in  the  alloy  ZrQ 

M°q  2i2C0  788  (20  wt>  ^  M°)  is  distributed  along  the  grain  boundaries 

of  the  solid  solution  (Fig.  2,  c);  additional  annealing  at  2373°K 
(3  hours)  leads  to  dissociation  of  the  solid  solution,  separation  of 
Mo  throughout  the  grain  and  its  partial  coagulation  (Pig.  2,  d). 

The  x-ray  analysis  of  the  alloys  annealed  at  2520°K  was  conducted 
with  copper  radiation  in  VRS-3  chambers  with  reverse  laying  of  the 
film;  on  the  roentgenograms  of  the  alloys  containing  1.5,  10  and  15 
wt .  %  Mo  there  are  only  differention  maxima  of  the  face-centered  cubic 
phase,  solid  Mo  in  ZrC.  As  the  Mo  dissolves  the  grid  shrinks,  which 
leads  to  a  decrease  in  a  from  4.673  kX  for  the  initial  ZrC  to  4.613  kX 
for  the  alloy  with  11.9  at.  $  Mo  (Fig.  3).  Based  on  the  known 
dependence  a  *  f(CM  )  and  the  lattice-parameter  data  of  alloys 

annealed  at  2273  and  2373°K,  we  established  that  the  solubility  of  Mo 
in  ZrC  at  these  temperatures  is  1.2  and  3.1  at.  %  respectively. 
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GRAPHIC  NOT  REPRODUCIBLE 


graphic  not  reproducible 


Fig.  2.  Structures  of  the 
alloy  and  the  system,  *800. •. 

a)  ZrC  +  1  wt.  %  Mo,  37^0°K 
for  0.5  min,  solid  solution; 

b)  ZrC  +  10  wt.  %  Mo,  3200°K 
for  5  min,  solid  solution; 

c)  ZrC  +  20  wt.  %  Mo,  2520°K 
for  40  min,  solid  solution 
+Mo  along  the  grain 
boundaries;  d)  ZrC  +  20  wt.  % 
Mo,  2520°K,  annealed  at 
2373°K  for  3  hours,  solid 
solution  +Mo  separated  during 
dissociation  of  the  solid  • 
solution;  e)  ZrC  +  40  wt.  %> 
Mo,  2520°K  for  30  min,  solid 
solution  +Mo ;  f )  ZrC  +  50  ' 
wt .  $  Mo,  2520°K  for  3  min, 
solid  solution  +  eutectic; 

g)  ZrC  +  70  wt.  %  Mo,  2520°K 
for  1  min,  solid  solution  + 
eutectic;  h)  ZrC  +  90  wt .  % 
Mo,  2520°K  for  1  min.  Mo  + 
eutectic.  * 
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Pig.  3*  Dependence  of 
the  grid  constant  a(kX) 
upon  the  Mo  concentra¬ 
tion  (at.  %)  in  a  solid 
solution  based  on  ZrC. 


The  alloys  containing  more  than  25>wt. 

%  Mo  (both  sintered  at  2273°K  and  brought 
up  to  fusion)  revealed  two  phases  on  the 
ionization  roentgenograms,  solid  solutions 
based  on  ZrC  and  Mo.  The  solubility  of  ZrC 
in  Mo  is  insignificant,  which  is  indicated 
by  the  small  change  in  the  grid  constant  of 
Mo  determined  in  the  alloy  ZrQ  q1|2Mo o  958 

Cq  q || 2  in  comparison  with  pure  Mo  (3.143  kX 

and  3.141  kX  respectively).  The  low 
solubility  of  C  in  Mo,  about  0.2  at.  %  at 
2273°K,  also  confirms  this. 

The  microhardness  of  the  solid  solution 

2 

based  on  ZrC  is  2500  kg/mm  ,  and  of 

2 

molybdenum,  300— 320  kg/mm  ;  the  fine-grained 
sections  of  the  eutectic  are  characterized 

p 

by  a  mi srohardness  of  950—980  kg/mm  . 


Pig.  4.  ZrC-Mo  phase 
diagram.  1)  one  phase; 
2)  two  phases;  3)  the 
start  of  melting  of 
two-phase  alloys;  4) 
the  start  of  melting  of 
one-phase  alloys. 


An  x-ray  investigation  of  three  alloys 

(I,  II,  III,  see  the  table)  additionally 

prepared  with  an  insignificant  excess  of  C 

in  comparison  with  the  alloys  lying  on  the 

ZrC-Mo  section,  i.e.,  distributed  above  the 

ZrC-Mo  section  close  to  the  three-phase 

field  of  Zr  Mo  C  -(MoZr)  ,C-Mo,  showed  that 
x  y  z  c. 

the  alloys  are  three-phase,  and  therefore 

the  boundary  separating  the  two-phase  field 

Zr  Mo  C  -Mo  from  the  above  three-phase  field 
x  y  z 

is  in  direct  proximity  to  the  radiant 
section  ZrC-Mo.  This  position  is  supported 
by  the  data  of  work  [20], 

Based  on  these  data  for  the  quasibinary 
system  ZrC-Mo  we  constructed  a  phase  diagram 
of  the  eutectic  type  (Fig.  4)  with  a 
eutectic  transformation  at  2520°K  ±15.  In 
comparison  with  the  phase  diagram  of  the 
TiC-Mo  system  the  differences  of  the  system 
we  investigated  are  regular. 


As  the  melting  temperature  of  the  carbide  phase  increases  the 
temperature  of  the  eutectic  transformation  increases,  but  the  mutual 
solubility  of  the  components  is  significantly  reduced  in  comparison 
with  that  in  the  TiC-Mo  system  due  to  the  increase  of  the  difference 
of  the  atomic  radii:  While  zMq  differs  from  rTi  ty  4.3X,  the 

difference  of  rMo  from  rZp  attains  14 . 3% •  The  geometric  factor  also 

affects  the  structure  of  the  appropriate  phase  diagrams,  Ti-Mo  and 
Zr— Mo;  the  first  forms  unlimited  solid  solutions  in  the  8-form,  and 
the  second  forms  the  chemical  compound  ZrMo«  and  limited  solid 
solutions  [23]. 
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Because  of  the  closeness  of  _  and  rZr,  the  structure  of  the 

HfC-Mo  phase  diagram  must  be  similar  to  the  proposed  structure  of  the 
ZrC— Mo  system:  It  is  natural  to  expect  a  eutectic  character  of  the 

diagram  in  this  system,  as  occurs  in  the  quasibinary  systems  Me^C— 

VI 

Me  — TiC— Mo,  T1C-W,  ZrC-Mo,  ZrC— W.  We  determined  the  temperature  of 

M 

the  eutectic  transformation  in  the  HfC-Mo  system  to  be  2583°K,  i.e., 

higher  than  for  the  MeVIC-Mo  system.  We  should  also  expect  that  this 

tendency  is  preserved  in  the  interaction  of  MeIVC  with  W:  In  the 
TiC— W  system  the  eutectic  temperature  is  2923°K  [3],  in  the  ZrC-W 
system,  3070°K,  and  in  the  HfC— W  system  it  must  be  maximal.  Based 
on  the  data  given  above  we  can  estimate  the  eutectic  temperature  in 
the  HfC— W  system.  Since  the  nature  of  the  chemical  bond  in 

isostructural  carbides  Me^C  is  identical,  we  can  use  the  acceptance 
criterion  1/Nn  proposed  by  Samsonov  [24]  as  the  power  factor  to 
compare  the  properties  of  individual  carbides  and  their  chemical 
behavior  in  systems  with  the  same  component  (Mo,  W). 
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of  3200°K. 
IV 


The  dependence  of  the  ratio  of  the 
eutectic  temperature  of  one  or  another 
system  to  the  melting  temperature  of  Mo 
upon  the  acceptance  of  the  metals  of  the 
corresponding  carbides  is  expressed  by  a 
straight  line  (Fig.  5) .  If  we  assume  that 

in  the  case  of  the  interaction  of 

/ 


case 

the  dependence  of  T 
T_.ni.Me  upon  1/Nn 


IV 

Mex  *C— W 


melt 
(Fig.  5), 
the  HfC-W 


min  of  the  solidus' 
also  remains  rectilinear 


then  the  eutectic  temperature  in 
system  can  be  estimated  as 


3200°K,  the  maximal  for  all  the  known 
carbide-metal  systems.  The  ratio  of  the 
eutectic  temperature  to  the  melting 

IV 

temperature  of  the  carbide  in  Me  C-Mo 
systems  depending  upon  1/Nn  is  expressed 
by  a  more  complex  dependence  (Fig.  5) .  If 
we  assume  that  the  conditions  of  thermo- 

IV 

Mex  C-Mo 


dynamic  stability  are  similar  in 

Me^-W  systems,  we  can  consider  that  the 
changes  of  the  corresponding  function  in 
IV 

Me  C-W  systems  are  similar,  which  also 
leads  to  a  temperature  of  the  eutectic 
The  fact  that  the  ratio  T 


C-Mo(W)  systems  also  decreases  as 


Lmin  of  the  solidus 
the  acceptance  of 


/ 


melt 

the  metal  forming  the  carbide  decreases  indicates  a  decrease  of  the 
thermodynamic  stability  of  these  systems  in  the  order  TiC-ZrC-HfC. 


* 


The 

separate 


phase  diagram  of  the  HfC-Mo  system  will  be  given  in  a 
report . 
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Conclusions 


1.  Based  on  the  data  of  x-ray,  metallographic  and  chemical 
investigations  and  measurements  of  the  temperature  of  the  start  of 
melting  in  the  Zr-C-Mo  system  we  constructed  a  phase  diagram  of  the 
quasibinary  section  ZrC-Mo. 

2.  We  experimentally  established  that  the  solubility  of  Mo 
increases  as  the  temperature  increases;  at  2273,  2373  and  2520°K  it 
is  1.2,  3-1  and  9.9  at.  %.  The  solubility  of  ZrC  in  Mo  is 
insignificant . 

3.  The  phase  diagram  of  the  quasibinary  system  ZrC-Mo  was 
constructed  according  to  the  eutectic  type;  the  eutectic  horizontal 
occurs  at  2520°K;  the  composition  of  the  eutectic  is  close  to  the 
ailoy  Zr0_l89Mo0_8nC0_l89  (80  wt.  %  Mo). 

4.  Based  on  an  analysis  of  the  literary  data  and  our  own  data 

IV  VI 

we  conclude  that  the  Me  C-Me  cross  sections  are  quasibinary  in  the 
corresponding  ternary  systems  and  that  the  phase  diagrams  of  these 
cross  sections  have  a  eutectic  character. 

5.  With  the  aid  of  the  acceptance  criterion  1/Nn  of  the  IV 
group  metals,  which  form  isostructural  carbides,  and  data  about  the 
values  of  the  eutectic  temperatures  in  the  TiC-Mo(W),  ZrC-Mo(W)  apd 
HfC-Mo  systems,  we  estimate  the  eutectic  temperature  in  the  HfC—W 
system  to  be  3200°K,  i.e.,  maximal  for  carbide-metal  systems. 
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